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Risk Factors for Kidney Disease in
Type 1 Diabetes

Diabetes Care 2019;42:883-890 | https://doi.org/10.2337/dc18-2062

OBJECTIVE

Intype 1diabetes (T1D), the course of microalbuminuria is unpredictable and timing
of glomerular filtration rate (GFR) loss is uncertain. Thus, there is a need to identify
therisk factors associated with the development of more advanced stages of kidney
disease through large, long-term systematic analysis.

RESEARCH DESIGN AND METHODS

Multivariable Cox proportional hazards models assessed the association of baseline
and time-dependent glycemic and nonglycemic risk factors for incident macro-
albuminuria and reduced estimated GFR (eGFR; defined as <60 mL/min/1.73 m?)
over a mean of 27 years in the Diabetes Control and Complications Trial (DCCT)
cohort.

RESULTS

Higher mean HbA,. (hazard ratio [HR] 1.969 per 1% higher level [95% Cl 1.671—
2.319]) and male sex (HR 2.767 [95% Cl 1.951-3.923]) were the most significant
factors independently associated with incident macroalbuminuria, whereas higher
mean triglycerides, higher pulse, higher systolic blood pressure (BP), longer diabetes
duration, higher current HbA,., and lower mean weight had lower magnitude
associations. For incident reduced eGFR, higher mean HbA,. (HR 1.952 per 1% higher
level [95% Cl 1.714-2.223]) followed by higher mean triglycerides, older age, and
higher systolic BP were the most significant factors.

CONCLUSIONS

Although several risk factors associated with macroalbuminuria and reduced eGFR
were identified, higher mean glycemic exposure was the strongest determinant of
kidney disease among the modifiable risk factors. These findings may inform
targeted clinical strategies for the frequency of screening, prevention, and
treatment of kidney disease in T1D.

The lifetime risk of kidney disease in type 1 diabetes (T1D) has traditionally been
estimated at ~50% but may exceed 70% (1). Diabetic kidney disease remains the
leading cause of end-stage renal disease (ESRD) in North America (2) and is defined
by the development of albuminuria or by loss in glomerular filtration rate (GFR). Levels
of albuminuria >300 mg/24 h (termed macroalbuminuria) and estimated GFR
<60 mL/min/1.73 m? (termed “reduced eGFR”) are seen as clinically relevant
advanced stages of kidney disease because of their strong association with sub-
sequent ESRD, cardiovascular disease, and mortality (3).

The traditional concept of diabetic kidney disease holds that microalbuminuria
(albumin excretion rate [AER] =30 mg/24 h) is the fundamental early prognostic
variable that heralds macroalbuminuria (4—6), which, after long-term exposure, is
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followed by a decline in GFR that ulti-
mately leads to ESRD (7). However, two
key refinements to this concept have
arisen. First, contrary to the traditional
model, microalbuminuria has been
proven to be a dynamic process that is
more likely to remit to normal albumin
excretion (termed “normoalbuminuria”)
thanto progress(8,9). Second, a subset of
individuals may experience decline in
GFR prior to or during microalbuminuria
regardless of the subsequent trajectory
of progression or remission of micro-
albuminuria. Risk factors for the de-
velopment of microalbuminuria, its
progression, and its remission and for
the development of early GFR loss have
been well documented (10,11). In light of
the dynamic process of microalbumin-
uria and the uncertain timing of the
initiation of GFR loss, there is a need to
identify risk factors associated with pro-
gression to advanced stages of kidney
disease (macroalbuminuria and reduced
eGFR) through systematic analysis in a
large cohort of individuals with T1D fol-
lowed longitudinally over many years.

The Diabetes Control and Complica-
tions Trial (DCCT) previously demon-
strated the fundamental importance
of reducing glycemic exposure to pre-
vent or delay the development of early
microvascular complications of T1D, in-
cluding microalbuminuria, compared
with conventional therapy (12—15). Dur-
ing the Epidemiology of Diabetes In-
terventions and Complications (EDIC)
study, after 18 vyears of follow-up
from the end of the DCCT, the risk of
macroalbuminuria and reduced eGFR
subsequently were reduced by 61%
and 44%, respectively, in the original
intensive therapy group as compared
with conventional therapy (16). Al-
though this work clearly proved a causal
relationship between higher glycemic
exposure in the development and pro-
gression of diabetic kidney disease, the
relative importance of other risk fac-
tors such as hypertension, dyslipidemia,
body weight, hyperlipidemia, and the
presence of smoking could not be fully
addressed.

We aimed to determine which estab-
lished and putative clinical risk factors are
of greatest importance for the incidence
of macroalbuminuria and for the inci-
dence of reduced eGFR in individuals
with T1D after a mean follow-up of
27 years of the DCCT/EDIC cohort.

RESEARCH DESIGN AND METHODS

Study Design and Participants

The methods of the DCCT and EDIC study
have been described in detail (17,18). In
brief, the DCCT (1983-1993) was a ran-
domized, controlled clinical trial that
assigned 1,441 participants with T1D
to either intensive therapy (n = 711)
or conventional diabetes therapy (n =
730) to evaluate the impact of glycemia
on the development and progression of
diabetes complications. Intensive ther-
apy was aimed at achieving glycemic
control as close to the nondiabetic range
as safely possible, whereas conventional
therapy was aimed at preventing symp-
toms of hypo- or hyperglycemia without
specific glucose targets. At DCCT base-
line, the study cohort included a primary
prevention cohort with 1-5 years dia-
betes duration, no retinopathy based
on stereoscopic fundus photography,
and <40 mg of albuminuria per 24 h
and a secondary intervention cohort
with 1-15 years duration, minimal to
moderate nonproliferative retinopathy,
and <200 mg of albuminuria per 24 h
(17). Additional exclusion criteria in-
cluded neuropathy sufficiently severe
to require therapy, hypertension
(=140/90 mmHg or use of antihyperten-
sive medication), and hyperlipidemia
(LDL >130 mg/dL or use of lipid-lowering
medication). At the end of the DCCT, after
an average follow-up of 6.5 years, all
participants were taught intensive ther-
apyand werereferred totheir health care
providers for subsequent diabetes care.
EDIC (1994 to present) enrolled 97% of
the entire DCCT cohort, with 93% of the
cohort survivors still actively participat-
ing after >20 years of additional follow-
up. The DCCT and EDIC protocols were
approved by the institutional review
boards of all participating centers, and
all participants provided written in-
formed consent.

Risk Factors

Recognized and putative risk factors
were assessed by standardized methods
at periodic visits during DCCT and EDIC
(2,3). Procedures for the measurement of
blood pressure (BP) and antihyperten-
sive use were described previously (15).
In brief, during the DCCT, BP was mea-
sured every 3 months, and hypertension
was a predefined outcome of interest.
During the EDIC study, BP was measured
and use and intended purpose of the
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antihypertensive medications was ob-
tained at each annual visit. Incident
hypertension was defined by the occur-
rence of systolic BP =140 and/or dia-
stolic BP =90 mmHg on two consecutive
annual visits. Pulse pressure was calcu-
lated as the difference between systolic
and diastolic pressure. HbA;. was mea-
sured with a high-performance liquid
chromatography method quarterly dur-
ing DCCT and annually during EDIC (19).
Fasting lipid levels (cholesterol, triglycer-
ides, HDL, and LDL) and albuminuria were
measured annually during DCCT and
every other year during EDIC. All labo-
ratory measurements were performed in
the DCCT/EDIC central biochemistry lab-
oratory with standardized methods, and
long-term quality control measures were
in place to guard against any long-term
measurement drift.

Similar to our previous work (20),
candidate risk factors were grouped
into the following 11 blocks (described
in detail in Supplementary Table 1): de-
sign (treatment group and cohort from
the original DCCT design), physical (sex,
age, weight, and BMI), behavioral (smok-
ing, drinking, and exercise), family history
(family history of hypertension, myocar-
dial infarction, T1D, and type 2 diabetes
[T2D]), BP/pulse (systolic and diastolic
BP, pulse pressure, and pulse rate), med-
ication use (ACE inhibitors, angiotensin
receptor blockade, B-adrenergic block-
ers, calcium channel blockers, and lipid-
lowering agents), lipid levels (total
cholesterol, triglycerides, LDL choles-
terol [LDLc], and HDL cholesterol
[HDLc]), diabetes specific (duration of
diabetes at enrollment, stimulated
C-peptide at DCCT baseline, and daily
insulin dose), microvascular complica-
tions (eGFR, AER =300 mg/24 h,
presence of proliferative diabetic reti-
nopathy, presence of clinically significant
macular edema, and presence of three-
step progression on the Early Treatment
Diabetic Retinopathy Study [ETDRS]
scale), hypoglycemia events (coma, sei-
zure, and/or episodes requiring assis-
tance), and glycemia (HbA;. at
eligibility and HbA;. during follow-up).
A risk factor could be included in the
model as a fixed or baseline covariate
(labeled as B in Supplementary Table 1),
as a time-dependent covariate using the
most recent measurement (C), or as the
updated mean of all follow-up values since
randomization (M). For example, three
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HbA,;. measurements were analyzed:
baseline HbA;., current HbA;. (the
most recent prior HbA,. value that is
used as a time-dependent covariate at
each visit), and the updated mean HbA,,
which is the weighted cumulative mean
of the prior HbA; . values up to each visit.
To account for different measure-
ment frequencies during DCCT (every
3 months) and EDIC (every 12 months),
the updated mean was computed by
weighting each value by the time in-
terval since the last measurement.

Outcomes

AER was measured from 4-h urine sam-
ples by fluoroimmunoassay from DCCT
baseline through EDIC year 18 (2012).
After EDIC year 19, spot urine samples
were collected, and AER was estimated
using the ratio of urine albumin and
creatinine concentrations (21). Serum
creatinine was measured annually
throughout. Serum creatinine levels,
age, sex, and race were used to calculate
the eGFR using the Chronic Kidney Dis-
ease Epidemiology Collaboration (CKD-
EPI) equation (15). ESRD was defined as
the initiation of maintenance dialysis or
kidney transplantation assessed yearly
by questionnaire and adjudicated cen-
trally. Macroalbuminuria was defined as
AER =300 mg/24 h, and reduced eGFR
was defined as eGFR <60 mL/min/
1.73 m? on at least one occasion or
progression to ESRD (9,13,15).

Statistical Analysis

To have adequate power to detect as-
sociations of interest and reduce the
chance of false-positive findings, the
multivariable risk modeling analyses pre-
sented herein were embargoed until
accruing 100 conventional group out-
come cases and conservatively estimat-
ing 150 cases (for which 192 were
observed in final analysis) in the com-
bined cohort. Allowing for an R*=0.35 for
the association of up to 10 adjusting
covariates with a given risk factor of
interest, and using a test at the 0.01
level (two sided), this number of events
provided 83% power to detect a 30% risk
reduction per SD change in a factor (22).
For each outcome (macroalbuminuria
and reduced eGFR), the analysis was
based on the time to that outcome.
The event-free (survival) probability
(or its complement, the cumulative in-
cidence) was obtained using the Kaplan-

Meier method. Semiparametric Cox pro-
portional hazards (PH) models assessed
the association between fixed and time-
dependent covariates and the risk of an
outcome, and the proportionality as-
sumption was tested (23). The follow-up
was censored at the time of death for
individuals who died before reaching
the outcomes (n = 107 participants
died before reaching macroalbuminuria,
and n = 115 participants died before
reaching reduced eGFR), and therefore
the associations described by the Cox PH
models are based on cause-specific haz-
ard ratios (HRs). The functional form for
the association between the weighted
updated mean HbA,. and the empirical
log hazards of macroalbuminuria and
reduced eGFR were investigated using
smoothing splines (24).

Continuous variables were described
using medians and first and third quartiles,
and discrete variables using counts and
percentages. The risk factor variable se-
lection approach was previously described
(20). Inbrief, both forward- and backward-
selection approaches were used. The for-
ward-selection procedure added variables
into the Cox PH model one block at a time
(see Supplementary Table 1 for block
composition), and at each step, factors
were eliminated using backward elimina-
tion to yield the best subset model based
onthe minimum (best) Akaike information
criterion (AIC) (16) and a penalized likeli-
hood (lasso method) (25). The next block
of variables was then entered, and the
process continued until a final model was
reached. The backward-selection ap-
proach used the lasso and, separately,
selected the model with the best (small-
est) AIC, both starting with all the variables
included in the model. Interaction terms
with sex were used to investigate sex
differences in the effect of covariates
on risk of kidney disease.

Two types of models were consid-
ered. First, we identified nonrenal
mechanistic models in which AER and
eGFR were not included as predictors
with the objective of identifying cova-
riates that could reflect nonrenal pro-
cesses that affect risk of nephropathy.
Second, we identified clinical models
that also included the current or up-
dated mean AER as a predictor of macro-
albuminuria and the current or mean
level of eGFR as a predictor of reduced
eGFR. These prediction modelsreflect the
common use of periodic measurements
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of AER and eGFR in clinical practice for
prediction of later-stage diabetic kidney
disease. As any z statistic with absolute
value of 3.89 or larger has P < 0.0001, and
zvalues as high as 10-20 may be observed,
the z value better represents the signifi-
cance of the covariate effect in the model
than does the designation “P < 0.0001.”
Thus, the z value is used to determine the
relative magnitude of association for each
variable.

RESULTS

With a mean follow-up of 27 years, there
were a total of 192 macroalbuminuria
cases (rate of 5 events per 1,000 per-
son-years) and 189 reduced eGFR cases
(rate of 4.9 events per 1,000 person-years).
Supplementary Fig. 1 shows the number of
subjects at risk and the event-free (sur-
vival) curves for macroalbuminuria and
reduced eGFR over the 30 years of DCCT/
EDIC. The event-free (survival) proba-
bility after 30 years of follow-up
(Supplementary Fig. 1) declined to
~85% for both  macroalbumin-
uria and reduced eGFR, although there
was little decline (lower incidence) of
reduced eGFR during the first 15 years of
follow-up. Approximately 75% of the
participants remained free from both
macroalbuminuria and reduced eGFR
after 30 years of follow-up. Macroalbu-
minuria cases and reduced eGFR cases
were frequently not concordant. Of the
189 reduced eGFR cases, 98 (52%) had
developed macroalbuminuria during
follow-up, either before or after reaching
reduced eGFR. Reduced eGFR with-
out macroalbuminuria was reached in
91, whereas 94 had macroalbuminuria
without reduced eGFR.

Baseline Characteristics

On enrollment in DCCT, 53% of the
participants were males, with a median
(first and third quartiles) age of 27 years
(22, 32), duration of diabetes of
51 months (28, 109), and HbA;. of 8.7%
(7.8%, 9.9%), and 18% were smokers.
Compared with participants without
macroalbuminuria, those with incident
macroalbuminuria were more likely to
have been in the conventional therapy
group and to have been adolescents
(<18 years of age) at baseline, and to
be male, older, and smokers (Table 1).
They also had higher pulse and were
more likely to have hypertension, higher
triglycerides, lower HDLc, and higher
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Table 1—Baseline characteristics of DCCT/EDIC participants according to the presence or absence of incident macroalbuminuria

Any macroalbuminuria

Overall No Yes HR 95% Cl P value
Treatment group (% conventional) 51 48 67 2.211 1.636-2.989 <0.0001
Cohort (% secondary) 50 49 55 1.220 0.918-1.622 0.1702
Sex (% males) 53 50 68 2.014 1.488-2.726  <0.0001
Age (year) 27 (22, 32) 27 (22, 32) 27 (18, 32) 0.980  0.961-0.999  0.0450
Adult vs. adolescent* 86 88 78 0.515 0.367-0.724  0.0001
Weight males (kg) 75 (68, 82) 75 (68, 82) 74 (67, 82) 0.992 0.976-1.009 0.3609
Weight females (kg) 62 (56, 69) 62 (56, 69) 63 (57, 70) 1.010 0.983-1.038  0.4599
BMI males (kg/m?) 24 (22, 25) 23 (22, 25) 24 (22, 26) 1.065 1.000-1.135 0.0515
BMI females (kg/m?) 23 (21, 25) 23 (21, 25) 23 (22, 26) 1.072  0.986-1.165 0.1032
Smoking (%) 18 17 25 1.572 1.134-2.180 0.0067
Drinking (% occasional or regular) 29 28 34 1314 0.976-1.770  0.0720
Exercise (% moderate or strenuous) 82 81 85 1.307 0.880-1.939 0.1846
Family history of hypertension (%) 56 56 60 1.225 0.917-1.636  0.1687
Family history of MI (%) 49 49 47 0.912 0.687-1.211 0.5255
Family history of T1D (%) 14 14 15 1.113 0.750-1.652 0.5952
Family history of T2D (%) 9 9 9 0.978 0.594-1.608  0.9287
Systolic BP (mmHg) 114 (108, 122) 114 (108, 122) 116 (110, 124) 1.012 1.000-1.025  0.0577
Diastolic BP (mmHg) 72 (68, 80) 72 (68, 80) 74 (70, 80) 1.015 0.998-1.033  0.0784
Pulse pressure (mmHg) 40 (36, 48) 40 (36, 48) 40 (35, 48) 1.005 0.990-1.020  0.4934
Pulse (bpm) 76 (68, 84) 76 (68, 82) 76 (72, 88) 1.024 1.012-1.036  0.0001
Hypertension (%) 3 2 5 2.098 1.074-4.097 0.0300
Total cholesterol (mg/dL) 174 (153, 196) 173 (152, 196) 180 (158, 197) 1.003  0.999, 1.007 0.1401
Triglycerides (mg/dL) 73 (55, 93) 71 (54, 91) 86 (61, 111)  1.171** 1.113-1.233** <0.0001
HDLc (mg/dL) 49 (42, 58) 50 (42, 58) 44 (40, 55) 0.980 0.967-0.992  0.0014
LDLc (mg/dL) 107 (91, 127) 106 (89, 127) 111 (97, 130) 1.004  0.999-1.009  0.0888
Duration of T1D (months) 51 (28, 109) 50 (28, 109) 58 (31, 110)  1.001  0.998-1.004 0.3716
C-peptide among those with duration <5 years (nmol/L) 0.12 (0.04,0.25) 0.12(0.04,0.24) 0.13(0.04,0.30) 2.490 0.598-10.358 0.2098
C-peptide among those with duration >5 years (nmol/L) 0.03 (0.03,0.04) 0.03(0.03,0.04) 0.03(0.03,0.03) 0.056 0.000-32.985 0.3760
HbA;. (%) 8.7 (7.8, 9.9) 8.5(7.7,9.6) 9.7 (85,11.1) 1.429 1.324-1.541 <0.0001

Follow-up time was a mean of 27 years. Shown are the HRs for the association of each factor with the risk of macroalbuminuria in unadjusted Cox
models. Data are medians (first quartile, third quartile) or %. With HR denoting the HR per 1 unit change in a quantitative risk factor (such as systolic
BP), the HR per x units change in that risk factor is HRx, where * denotes “to the power of.” Pvalues =0.05 are reported in boldface type. MI, myocardial
infarction. *Adult vs. adolescent at baseline. The adolescent cohort (original n = 195) were those randomized into DCCT aged 13—-17 years, and the adult
cohort were those aged 18-40. **Per 20% increase.

baseline HbA;.. Higher risk of reduced
eGFR was associated with the conven-
tional therapy group, older age, higher
BMI in males, smoking, higher diastolic
BP and pulse, and higher levels of total
cholesterol, triglycerides, LDLc, AER, and
baseline HbA;. (Supplementary Table 2).

Unadjusted and Minimally Adjusted
Time-Dependent Models

Similar patterns were also observed when
risk factors were considered individu-
ally over the entire follow-up as time-
dependent variables (Supplementary Table
3). When adjusted for age and updated
mean HbA,, sex, BP, lipids (current LDLc,
HDLc, and triglycerides and updated mean
HDLc and triglycerides), daily insulin dose,
and any three-step progression in retinopathy

were highly correlated with the risk of
macroalbuminuria (Supplementary Table
3), whereas BP, lipids (current total cho-
lesterol, LDLc, HDLc, and triglycerides and
updated mean total cholesterol, HDLc,
and triglycerides), use of antihyperten-
sive, use of lipid-lowering medication,
duration of T1D, AER, retinopathy, and
glycemia were associated with the risk of
incident reduced eGFR (Supplementary
Table 4).

Multivariable Models

Table 2 reports the final multivariable
Cox models for incident macroalbumi-
nuriaandincidentreduced eGFR, in which
the variables have been listed from high-
est to lowest magnitude of association
based on the z test value. In the nonrenal

mechanistic model for macroalbuminuria
(Table 2A), a higher updated mean HbA;.
and male sex were the most significant risk
factors. Other significant factors associ-
ated with increased risk of macroalbu-
minuria were higher mean triglycerides,
higher pulse, higher systolic BP, longer
duration of diabetes, use of any B-blockers,
any history of hypertension, current
HbA,., and lower mean weight. In the
clinical model for macroalbuminuria fur-
ther adjusted for AER (Table 3A), higher
AER, male sex, and higher updated mean
HbA,. were the most significant factors,
whereas the use of 3-adrenergic recep-
tor antagonists was a weaker but sta-
tistically significant factor. Interaction
terms with sex in the final multivariable
models were not significant.
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Table 2—The nonrenal mechanistic multivariable Cox models for macroalbuminuria (A) and reduced eGFR (B)

Variable type** HR 95% Cl z P value
A. Incident macroalbuminuria (AIC = 2,336.69, XZ = 405.46, df = 10)
Updated mean HbA,. (%) M 1.969 1.671-2.319 8.1106 <0.0001
Sex (male) B 2.767 1.951-3.923 5.7154 <0.0001
Mean triglycerides (mg/dL)* M 1.113 1.047-1.183 3.4368 0.0005
Pulse (bpm) C 1.023 1.009-1.036 3.4274 0.0006
Systolic BP (mmHg) C 1.017 1.006-1.028 3.0789 0.0020
Duration of T1D (months) B 1.004 1.001-1.007 2.6567 0.0078
Any B-blockers C 2.247 1.223-4.128 2.6091 0.0090
Any hypertension C 1.630 1.128-2.356 2.6057 0.0091
Current HbA;. (%) C 1.168 1.031-1.323 2.4509 0.0142
Mean weight (kg) M 0.984 0.972-0.997 —2.3719 0.0177
B. Incident reduced eGFR (AIC = 2,163.84, Xz = 372.64, df = 10)

Updated mean HbA;. (%) M 1.952 1.714-2.223 10.0896 <0.0001
Updated mean triglycerides (mg/dL)* M 1.212 1.137-1.292 5.9207 <0.0001
Age (years) C 1.062 1.040-1.086 5.5170 <0.0001
Calcium channel blockers C 2.432 1.689-3.503 4.7777 <0.0001
Systolic BP (mmHg) C 1.020 1.011-1.029 4.6318 <0.0001
Hypertension C 2.677 1.708-4.194 4.2970 <0.0001
Insulin dose (units/kg/day) C 0.333 0.186-0.597 —3.6888 0.0002
Hypoglycemia requiring assistance C 1.046 1.011-1.083 2.5916 0.0095
Pulse (bpm) C 1.015 1.002-1.028 2.3488 0.0188
Abstinence from alcohol C 1.376 1.012-1.871 —2.0363 0.0417

AER is excluded from the model for macroalbuminuria, whereas eGFR is excluded from the model for reduced eGFR. With HR denoting the HR per 1 unit
changein a quantitative risk factor (such as systolic BP), the HR per x units change in that risk factor is HR"x, where * denotes “to the power of.” *Per 20%
increase. **Model is shown as a function of fixed (baseline, B) and time-dependent covariates, the latter either the current value (C) or updated mean

from baseline (M).

In the nonrenal mechanistic model for
reduced eGFR (Table 2B), updated mean
HbA;. was the strongest risk factor,
followed by triglycerides, age, any use
of calcium channel blockers, systolic BP,
and hypertension. Other significant risk
factors associated with higher risk of
reduced eGFR were lower total daily
insulin dose, hypoglycemia requiring as-
sistance, and higher pulse, whereas al-
cohol use was protective. In the clinical
model further adjusted for eGFR and AER
(Table 3B), lower eGFR, higher AER, and
higher updated mean HbA;. were the
strongest risk factors, whereas higher
pulse, higher systolic BP, older age,
use of calcium channel blocker agents,
and reported alcohol abstinence were
more weakly associated, but statistically
significant, factors. Interaction terms
with sex in the final multivariable models
were not significant.

The risk gradients for macroalbuminuria
and reduced eGFR incidence according to
updated mean HbA;. were linear over a
wide range of HbA; . (Supplementary Fig. 2).

CONCLUSIONS

The DCCT/EDIC study previously demon-
strated the causal and durable impact
of hyperglycemia on the risk of albumin-
uria (12), reduction in the incidence of

reduced eGFR (13,14), and reduction
of the incidence of hypertension (13)
and a beneficial effect on lipid profiles
(26,27). However, by analyzing exposure
according to assignment to intensive or
conventional glycemic therapy, these
prior analyses were not able to deter-
mine the relative quantitative impact of
the levels of baseline, current, or cumu-
lative weighted mean levels of glycemic
exposure with nonglycemic risk factors.
In this evaluation of demographic, tra-
ditional, and diabetes-related risk factors
in these participants, we found that
higher long-term cumulative glycemic
exposure was the strongest independent
factor associated with the incidence of
macroalbuminuria and, likewise, with the
incidence of reduced eGFR. Although
lower in magnitude of association than
glycemic control (HbA4.), higher triglyc-
eride levels and higher BP were also
independent risk factors associated
with both macroalbuminuria and re-
duced eGFR. Owing to the measurement
of risk factors beginning early after the
diagnosis of T1D in this study design, and
to the extremely long-term and system-
atic follow-up of the cohort, these results
indicate with a high level of confidence
that greater glycemic exposure likely
represents the greatest causal contributor

to late-stage kidney disease in T1D,
greater than any other modifiable risk
factor such as hypertension, dyslipide-
mia, or smoking.

Traditionally, it has been believed
that lower glycemic exposure may
have a profound effect on reducing the
incidence and progression of albumin-
uria, while not having a substantial im-
pact on preservation of GFR or the
prevention of reduced eGFR (28). In a
large population database, such “uncou-
pling” of the clinical markers of later-
stage diabetic kidney disease was
observed (28). Specifically, the improve-
ments in glycemic control that occurred
from the 1990s to 2000s in T1D and
in T2D in the U.S. were accompanied
by substantial reduction in the preva-
lence of albuminuria, whereas there
was a small-to-moderate increase in
the prevalence of reduced eGFR over
the same time period. Although there
are confounding factors, studies that
demonstrated reductions in glycemic
exposure via use of insulin pump ther-
apy, islet cell transplantation, or pancreas
transplantation failed to demonstrate im-
provements in eGFR despite improve-
ment in albuminuria and even despite
improvement in the glomerular lesions
seen by renal biopsy (29).
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Table 3—The clinical multivariable Cox models for macroalbuminuria (A) and reduced eGFR (B)

Variable type** HR 95% Cl z P value
A. Incident macroalbuminuria (AIC = 1907.30, x> = 836.85, df = 11)
Time-dependent AER (mg/24 h)* C 1.320 1.283-1.358 19.3112 <0.0001
Sex (male) B 2.420 1.696-3.454 4.8721 <0.0001
Updated mean HbA,. (%) M 1.462 1.233-1.734 43738 <0.0001
Time-dependent (3-adrenergic receptor antagonist use C 1.943 1.047-3.607 2.1075 0.0350
B. Incident reduced eGFR (AIC = 1866.47, XZ = 774.35, df = 12)
Lower eGFR (mL/min/1.73 mz) C 1.114 1.101-1.127 15.7785 <0.0001
AER (mg/24 h)* C 1.054 1.037-1.072 6.2173 <0.0001
Updated mean HbA;. (%) M 1.412 1.220-1.634 4.6391 <0.0001
Pulse (bpm) C 1.020 1.007-1.033 3.0332 0.0024
Time-dependent systolic BP (mmHg) C 1.011 1.003-1.020 2.7156 0.0066
Age (years) ¢ 1.030 1.006-1.054 2.5121 0.0119
Time-dependent calcium channel blockers C 1.564 1.067-2.294 2.2932 0.0218
Abstinence from alcohol (o 1.385 1.012-1.896 2.0368 0.0416
Lower insulin dose (units/kg/day) C 1.664 0.932-2.970 1.7221 0.0850
Updated mean triglycerides (mg/dL)* M 1.054 0.983-1.131 1.4989 0.1338
Hypoglycemia requiring assistance C 1.026 0.977-1.077 1.0439 0.2965
Hypertension ¢ 1.252 0.781-2.007 0.9351 0.3497

With HR denoting the HR per 1 unit change in a quantitative risk factor (such as systolic BP), the HR per x units change in that risk factor is HRAx,
where ” denotes “to the power of.” Pvalues =0.05 are reported in boldface type. *Per 20% increase. **Model shown as a function of fixed (baseline, B)
and time-dependent covariates, the latter either the current value (C) or mean from baseline (M). Neither AER nor eGFR were excluded from

consideration in the models.

The failure to demonstrate the impact
of lower glycemic exposure on the in-
cidence of reduced eGFR in these pre-
vious studies may have been related to
the longer duration of diabetes at study
entry and the relatively shorter obser-
vation period for the outcome in those
studies. In contrast, the DCCT/EDIC co-
hort had a much shorter duration of T1D
(1-15 years) at baseline and a long in-
terval of follow-up. These two factors in
combination can explain why the cumu-
lative, but not the current, level of gly-
cemic exposure was associated with
incident reduced eGFR. It is also note-
worthy that there were independent
effects of both the current level of gly-
cemic exposure and the measure of
cumulative glycemic exposure on the
incidence of macroalbuminuria. This im-
plies that glycemic exposure has both a
more immediate impact on macroalbu-
minuria, as captured by the current
HbA,. value, and a compounding effect,
captured by the cumulative updated
mean HbA;., which may be induced by
the multiple hemodynamic and nonhemo-
dynamic (tubulo-interstitital) mechanisms
invoked in the processes of GFR loss (30).

We observed strong relationships be-
tween the later-stage renal outcomes
and the nonmodifiable risk factors of
male sex (for macroalbuminuria) and
age (for reduced eGFR). The mechanisms
for a putative protection in females from
the incidence of macroalbuminuria are

not known (31), although sex-specific
influences on renal hemodynamic func-
tion have been reported (32). These
differences may be through estrogen-
mediated effects on renin-angiotensin-
aldosterone system activation or possibly
from sex-specific adiposity factors (32,33).
The age-related decline in eGFR is well
established in health and in disease and
remains a consistent risk factor for re-
duced eGFR for both males and females in
studies with sufficient sample size and
study duration (34).

Although most convincingly described
in patients with T2D, the specific inde-
pendent association of higher triglyceride
exposure with both incident macroalbu-
minuria and incident reduced eGFR in T1D
has been previously reported (27,35). Al-
though not known with certainty, the re-
lationship is likely causal, preceding later-
stage loss of eGFR, and potentially associ-
ated with the generalized vascular endo-
thelial damage that reduces functional
lipoprotein lipase that is particularly prom-
inent in the subset of individuals with T1D
who develop features of the metabolic
syndrome (36,37). Furthermore, the effect
may be mediated through its specific neg-
ative impact on insulin sensitivity (37).

Similarly, the independent association
of measures of hypertension with both
incident macroalbuminuria and reduced
eGFR observed in the current analysis
speak to the known causal association of
hypertension as a risk factor for renal

disease. The use of 3-adrenergic blockers
and calcium channel blockers associated
with the renal outcomes most likely re-
flects an indication bias. As an example, in
sensitivity analyses, previous hypertension
remained significantly associated with
macroalbuminuria in the final model in
the absence of B-blockers (HR 1.6835, P=
0.0052), and use of B-blockers remained
significant in the final model without
hypertension (HR 2.4344, P = 0.0041).
These results were qualitatively similar
to those in the full model that included
both history of hypertension and use of
B-adrenergic blockers.

Comparable longitudinal study for risk
factors of macroalbuminuria and im-
paired GFR have not been studied as
systematically or for as long a follow-up
as the DCCT/EDIC study. However, recent
reports of 2- and 9-year follow-up in the
Prospective Cohort Study in Patients
With Type 2 Diabetes Mellitus for Vali-
dation of Biomarkers (PROVALID) and
the UK Prospective Diabetes Study Out-
comes Model 2 and American College
of Cardiology/American Heart Associa-
tion Pooled Cohort Equations reveal a
similar profile of risk factors in T2D as
observed in the current analysis of T1D,
including age, male sex, lipid parameters,
albuminuria, BPs, BMI, and levels of eGFR
(38-40). However, these risk factors
were examined as baseline and not
time-varying variables in these prior
studies.
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The standardized assessments of estab-
lished and putative risk factors, systematic
evaluation of renal outcomes over nearly
three decades, short duration of T1D and
absence of significant complications at
baseline, and exceptional follow-up
(93%) of the surviving DCCT/EDIC cohort
are clear strengths of this analysis. Lim-
itations include aspects of participant
selection, for which individuals with
T1D with hypertension, dyslipidemia,
or higher urinary albumin excretion
were excluded at baseline. Our approach
in identifying risk factors associated with
development of more advanced stages of
kidney disease was evaluated without
a priori specified hypotheses.

In conclusion, we found that higher
long-term cumulative glycemic exposure
was the strongest independent factor
associated with the incidence of macro-
albuminuria and, likewise, with the in-
cidence of reduced eGFR in this T1D
cohort. Although lower in magnitude
of association, higher triglyceride levels
and higher BP were consistent indepen-
dent risk factors for both later-stage renal
outcomes. Consistent with risk reduction
recommendations for retinal and cardio-
vascular complications in T1D, control of
glycemia and these other metabolic fac-
tors should be aggressively pursued to
reduce later-stage renal outcomes. In
future analyses, these findings, particu-
larly from the more extensive clinical
prediction models, may inform more
efficient and targeted clinical strategies
to guide the frequency of screening for
kidney disease in T1D.
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